The absorption feature O I λ7773 is an important spectral indicator for type Ia supernovae (SNe Ia) that can be used to trace the unburned material at outer layers of the exploding white dwarf. In this work, we use a large sample of SNe Ia to examine this absorption at early phases (i.e., −13 days t −7 days), and make comparisons with the absorption features of Si II λ6355 and Ca II near-infrared (NIR) triplet. We show that for a subgroup of spectroscopically normal SNe with normal photospheric velocities (i.e., v si 12,500 km s −1 at optical maximum), the line strength of high velocity feature (HVF) of O I is inversely correlated with that of Si II (or Ca II), and this feature also shows a negative correlation with the luminosity of SNe Ia. This finding, together with other features we find for the O I HVF, reveal that for this subgroup of SNe Ia explosive oxygen burning occurs at the outermost layer of supernova and difference in burning there could lead to the observed diversity, which are in remarkable agreement with the popular delayed-detonation model of Chandrasekhar mass WD.
Introduction
Type Ia supernovae (SNe Ia) are important in cosmology and astrophysics, not only for the key roles that they played in the discovery of accelerating universe (Riess et al. 1998; Perlmutter et al. 1999) , but also for their contribution to production of heavy elements in the Universe. However, the nature of their progenitor systems is still controversial (e.g., Maoz et al. 2014 , and references therein). It is widely accepted that SNe Ia are a result of a thermonuclear explosion of carbon oxygen (C/O) white dwarfs (WDs), but there are two major channels proposed so far that could lead to such an explosion. One is an explosion of a WD which accretes hydrogen or helium from its non-degenerate companion (single degenerate scenario, Whelan & Iben 1973; Nomoto 1982; Nomoto et al. 1997) , with supporting evidences from the detections of circumstellar material (CSM) around some SNe Ia (Hamuy et al. 2003; Aldering et al. 2006; Patat et al. 2007; Sternberg et al. 2011; Dilday et al. 2012; Maguire et al. 2013; Silverman et al. 2013) . The other is a merger of two WDs (double degenerate scenario: Iben & Tutukov 1984; Webbink 1984) , which has recently gained special attention due to the observational findings that there are no companion signature found for some SNe Ia, i.e., the nearby object SN 2011fe and some supernova remnants such as SN 1006 and SNR 0509-67.5 in LMC, down to the luminosities much fainter than the Sun (Li et al. 2011; Bloom et al. 2012; Brown et al. 2012; Hernández et al. 2012; Schaefer & Pagnotta 2012 ).
There are also diversities in spectroscopic and photometric properties of SNe Ia, and it has been discussed whether all (or spectroscopically normal) SNe Ia are originated in a single evolutionary path or there are multiple populations. For example, there is a so-called high velocity (HV) subclass of SNe Ia (Wang et al. 2008 (Wang et al. , 2009a , with redder peak B − V colors and slower late-time decline rates in bluer bands relative to the normal velocity (Normal) subclass 1 , and it is interesting to explore whether they represent different populations. The observed differences between the HV and Normal SNe Ia could be at least partly attributed to be a geometric effect of an asymmetric explosion (Maeda et al. 2010; Maund et al. 2010) . However, such observed diversities are also found to be linked to their birthplace environments to some extent (Wang et al. 2013) , suggesting that SNe Ia may arise from multiple classes of binary evolution. Taking together, it could mean that there are two populations in the HV subclass in which one is related to the Normal SNe Ia while the other is not.
The other long-standing problem is the physical process of SN Ia explosions (Hillebrandt & Niemeyer 2000) . Theoretically, the thermonuclear reaction disrupting the star may propagate at a range of speeds from subsonic deflagration to supersonic detonation (Nomoto et al. 1984; Khokhlov 1991; Fink et al. 2010; Pakmor et al. 2012) . The most popular scenario is the delayed-detonation model (Khokhlov 1991) which assumes that a strong detonation unbinds the whole progenitor WD, after a deflagration which produces stable Fe-peak elements near the center of the WD. Another popular model involves the double-detonation mechanism (Livne & Glasner 1990; Fink et al. 2007; Sim et al. 2012; Shen & Bildsten 2014) . In this model, explosive He burning is induced on the WD surface by compressional heating if the accreted He amount is sufficiently large, and this creates a shock-wave penetrating into the WD core. Once the shock wave is converged near the center, a powerful detonation can be triggered and it will lead to the explosion unbinding the whole WD. Existing observational diagnostics offer some clues to the explosion models, while this topic is still controversial.
The high-velocity absorption features (HVFs) can provide clues to the burning processes in the outer layers of the exploding WD, though their origins are still debated. This is a high-velocity (>16,000 km s −1 ) component that is likely formed in regions lying above the photosphere (Hatano et al. 1999; Mazzali et al. 2005a ). The HVFs of Ca II near-infrared (NIR) triplet and Si II 6355 A in SNe Ia have been systematically examined using both early-phase and near-maximum-light spectra (Maguire et al. 2012; Childress et al. 2014; Silverman et al. 2015; Zhao et al. 2015) . These studies indicate that the abundance distributions of Si and Ca are strongly related, likely as a result of the same burning process responsible to create Si and Ca. Since Si and Ca are produced basically in the same burning layer, their relative strengths are not expected to be sensitive to the typical burning process they experienced. It is thus interesting to make comparisons with absorption features created by elements whose abundance pattern is different from Si and Ca in different burning layers. The C II λ6580 could be an important indicator of unburned fuel in the progenitor and the observations of this feature have been discussed in many literatures Parrent et al. 2011; Blondin et al. 2012; Folatelli et al. 2012; Silverman et al. 2012d; Maguire et al. 2014; Hsiao et al. 2015) . However, the C II λ6580 absorption is usually very weak and difficult to be quantified in line strength and velocity distribution. On the other hand, the O I λ7773 line is relatively strong but not explored so far. We thus propose using this feature as a tracer of unburned materials in this paper, although part of oxygen is also produced via carbon burning.
The presence of HVF in O I λ7773 absorption was only reported in the earliest spectra of SN 2011fe in M101 but it was observed to disappear rapidly (Nugent et al. 2011) . Detection of such an O-HVF is critically important, since Si and Ca are produced from O via the oxygen burning, and the comparison between the HVF of O and those of Si and Ca can be potentially used to confirm their associations. In the Si burning layer, the oxygen is fully consumed; in the O burning layer, all the O, Si, and Ca can have large abundances; in the C burning layer, the oxygen is abundant but the Si and Ca are under-abundant; and finally in the unburned layer again, the ratio of O to Si or Ca is large. Therefore, we may obtain information about the typical burning process encountered by the layer producing the HVFs, and hence the still-unclarified origin of the outermost materials in SN Ia. This paper is organized as follows. In §2, our data samples and the methods for measuring the spectral parameters are introduced. In §3, correlations between spectroscopic parameters of oxygen (O I λ7773) and those of other elements (Si II λ6355, Ca II NIR triplet, and C II λ6580) are investigated. Correlations between spectroscopic features of O I λ7773, Si II λ6355, Ca II NIR triplet and luminosity indicator ∆m 15 (B) are also examined and analyzed in this section. Origins of the high velocity features and the constraints on the explosion models are discussed in §4. The paper is closed in §5.
Dataset and Methods of Measurement

Sample
Since the HVFs of SNe Ia are only prominent in their early spectra, we choose the sample with spectroscopic observations at t − 7 days from the B-band maximum light. From the published spectral database from the CfA supernova program (Matheson et al. 2008; Blondin et al. 2012) , the Berkeley supernova program (Silverman et al. 2012a) , Carnegie Supernova Project (CSP : Folatelli et al. 2013) , and the unpublished dataset from the Tsinghua supernova program 2 . The telluric absorption features were removed from almost all of the above spectral sample using the standardstar spectra obtained with the same slit used for the SN observations. Nevertheless, this procedure often leaves residuals from the strongest telluric bands near 7620Å. With the multi-gaussian fit addressed in next subsection, we examine the blending of the residual telluric absorption with the O I λ7773 absorption in the spectra of our SN Ia sample. Those spectra showing larger degrees of blending between these two absorptions (see §2.2) are excluded in our analysis. Moreover, the near-maximum-light Si II λ6355 velocity is also required for further classification of our sample. This leads to a total of 143 early-time spectra (with t −7 days from the B-band maximum light) that cover the wavelength region of O I λ7773 absorption. These spectra belong to 62 SNe Ia, including 55 spectroscopically normal SNe Ia, 2 SN 1991T-like (Filippenko et al. 1992; Phillips et al. 1992 ) and 5 SN 1999aa-like SN Ia (Li et al. 2001 ) (hereafter these two subclasses are abbreviated to 91T/99aa-like SNe Ia). The spectroscopically normal objects can be further divided into 42 Normal SNe Ia and 13 HV ones.
The above sample of SNe Ia are mostly included in our previous study (Zhao et al. 2015) , where their photometric and host-galaxy parameters (i.e.,∆m 15 (B), B max − V max , spectroscopic subclassification, host-galaxy type, K-band magnitude of the host galaxy etc.) can be found. The sources of the light curves are from the Harvard CfA SN group (Hicken et al. 2009 (Hicken et al. , 2012 , the CSP (Contreras et al. 2010; Stritzinger et al. 2011) , the Lick Observatory Supernova Search (LOSS: Ganeshalingam et al. 2010) , and our own database.
Measurement Procedure
The measurement procedure of O I absorption is overall similar to that applied to measuring the Si II 6355/5972 and Ca II near infrared (NIR) triplet absorptions (Zhao et al. 2015) , but with more gaussian components being used to fit more absorptions. The absorptions identified around O I λ7773 include three O I components (two high-velocity features and one photospheric component), three residual telluric components (i.e., at λs 7186, 7606, 7630Å), and a possible Mg II λ7890 (with a velocity at 10,000 km s −1 ∼ 14,000 km s −1 ). These absorption components can be represented using the following multi-component Gaussian function:
where subscript i=1−6 denote the PHO component of O I λ7773, the "main" HVF (hereafter HVF-I), the possible "second" HVF (hereafter HVF-II), and the telluric absorptions at 7168Å, 7605Å and 7630Å, respectively. In the above equation, A i is the amplitude (i.e., the maximum absorption), σ i is the dispersion (i.e., the standard deviation in a normal distribution), and λ 0 i is the laboratory wavelength of specific spectral line. Note that the positions of the telluric absorptions (and thereby the λ 0 i ) are blueshifted relative to the rest-frame wavelengths due to that the spectrum was corrected for the redshift of the host galaxy.
In the fitting, the pseudo-continuum is defined as a straight line connecting the line wings on both sides of the absorption, which is determined through repeated visual inspections and careful manual adjustments in order to better counter the noise. As usual, the line strength of an absorption feature is quantified by the pseudo-equivalent width (pEW). From equation 1, we have:
where the summation is performed for appropriate components.
Before fitting, we smoothed the observed spectrum around the O I λ7773 absorption (i.e., covering the wavelength range from 7000 to 7800Å) with a locally weighted scatter-plot smoothing method (Cleveland 1979) in order to reduce the effect of noise spikes on the fitting results, as the O I λ7773 line (especially the high-velocity feature) is usually weak in early-time spectra of SNe Ia. In our previous work (Zhao et al. 2015) , the PHO velocity Si II 5972 was used as an initial condition to constrain that of Si II λ6355 because the HVF and PHO component of the latter feature are often seriously blended. In determining the velocity of O I λ7773 line, however, we did not use the velocity condition from Si II λ5972 or Ca II NIR triplet lines because the HVF feature and PHO component of O I λ7773 line are distinctly separated (i.e., by about 6000 km s −1 ) and their locations can be better determined in early time spectra, as shown in Figure 1 . The only exceptions are for several HV SNe Ia where their HVF and PHO components show more severe blending (i.e., SN 2002dj) and the velocity of Si II λ5972 is used to help better locate the PHO component of O I λ7773.
As most of the published spectral data do not have the accompanied flux errors, we adopt the R-squared statistic to fit the parameters of absorption features such as the amplitude A i , the dispersion σ i , and velocity of absorption minima v 0 i . This fitting procedure is done through the Curve Fitting Toolbox in Matalab, where regression analysis can be conducted using the library of various models provided. Generally speaking, the fittings were well-performed and objectively determined by the absorption profiles, with the typical R-squared value being 0.97 for our sample. There are some reasons that the multiple gaussian fitting applied in our analysis can be well done without over/under-fitting. Firstly, the blending between HVFs and PHO components of O I λ7773 is much weaker than that seen in Si II λ 6355 or Ca II NIR triplet. Secondly, the contaminations from residual telluric absorptions are not very serious for our selected sample. For example, the blending ratio between the telluric absorption and the photospheric component of O I λ7773 is overall small for our sample (see discussions below). Thirdly, in most cases, the possible Mg II λ7890 is not strong (with pEW 10Å) and it is well separated from the PHO component of O I λ7773. Figure 1 shows the absorption features centering at O I λ7773 in the t≈−10 days spectra of some representative SNe Ia. Demonstration of applying multiple-gaussian fit is shown in the plot, where the photospheric (PHO) absorption of O I λ7773 (at ∼ 12,000 km s −1 ) is accompanied by two additional absorptions on the blue side. These two absorptions can be attributed to the HVF-I and HVF-II of oxygen at velocities ∼18,000 km s −1 and ∼22,000 km s −1 , respectively, and this identification is secured by comparisons with the SYNOW fit as shown in Figure 2 In this work, errors of spectral fit were retrieved from the Matlab function "confint". This function calculates the confidence bounds of the fitting results using t ((X T X) −1 s 2 ), where X is the Jacobian of fitted values, X T is the transpose of X, s 2 is the mean squared error, and t is calculated using the inverse of Student's cumulative distribution function. The errors of A i and σ i are then used to compute that of the pEW using Eq.(2), and the error of λ i is converted to that of the line velocity. Since the fitting is applied to the smoothed spectrum, the noise of original spectrum is further factored into the above errors by taking residual standard deviation between the original and smoothed data roughly as 1-σ error in spectral fitting. The typical error from spectral noise is about 3% for our sample, and the corresponding error in pEW is about 1.0Å. Additional velocity error is also considered for the fits to the smoothed spectra, which is taken to be velocity shift from gaussian fits to the smoothed and original spectra 3 or the standard error of these two fits (i.e., 460 km s −1 for the PHO component and 515 km s −1 for the HVF for 87 spectra) when the Matlab code fails to fit the original spectra. Moreover, the photospheric component of O I λ7773 absorption might be also affected by the residual telluric absorptions. To get a quantitative estimation of this contamination, we introduce a parameter of blending ratio R b which measures the fraction that the line profile of the PHO component of O I λ7773 is overlapped by the telluric absorption. This ratio is calculated as pEW telluric blending /pEW O P HO , where pEW telluric blending represents the pEW of the region of telluric feature that is blended with the PHO component of O I λ7773 and pEW O P HO refers to the pEW of the O-PHO. Results of this parameter measured for each spectrum of our sample are reported in the last column of Table 2 . Such a blending ratio is overall small for our sample, with a mean value of only 3.7%, suggesting that the effect of residual telluric lines be negligible. Besides the uncertainties listed above, the PHO component of O I λ7773 could also suffer from blending of an unknown component that could be due to Mg II λ7890 or additional absorption feature of oxygen at lower velocities (i.e., <7,000 km s −1 ). However, these two effects are not considered in this work because they are difficult to be quantified.
Temporal Evolution of O I λ7773
The temporal evolution of the line velocity and strength of O I 7773 absorption is shown in Figure 3 for some well-observed SNe Ia, including SNe 2002dj, 2005cf, 2009ig, 2011fe, 2012fr , and 2013dy (see Table 1 for references). According to the spectroscopic classification as proposed by Wang et al. (2009a belong to the HV subclass of SNe Ia, while SN 2005cf, SN 2011fe, and SN 2013dy can be put into the Normal subclass. SN 2012cg shares some properties similarly seen in the SN 1999aa-like subclass that is characterized by shallow silicon in the spectra (Silverman et al. 2012b; Zhang et al. 2014; Marion et al. 2015) . SN 2012fr may lie at the boundary of the above classifications (Zhang et al. 2014) .
As shown in the left panels of Figure 3 , the O I λ7773 absorption of different SNe Ia shows large differences in the velocity and the velocity evolution for both the HVF and PHO components. For example, at t≈-10 days, the PHO velocity measured for our sample has a range from ∼11,000 km s −1 to ∼15,000 km s −1 , and the velocity of the HVF-I ranges from ∼17,000 km s −1 to ∼20,000 km s −1 . The O I line (both PHO and HVF-I) of the HV SNe Ia has a velocity that is on average larger than that of the Normal ones by 3000-4000 km s −1 at comparable phases, as is similar to the case seen in Si II λ6355 (Zhao et al. 2015) . Restricting the data to the phases from t ∼ −13 days to t ∼ −7 days in the calculations of velocity gradient, we find that the velocity gradient . The Normal SNe Ia appear to have relatively uniform velocity evolution compared to other subclasses of SNe Ia. This may enable better extrapolations of absorption velocity to the value at a given phase (i.e., t ∼ −10 days) for some normal sample when necessary. By contrast, the velocity evolution shown by SN 2002dj and SN 2009ig show large scatter either for the HVF or the PHO component, which may be more or less due to that the HV SNe Ia suffer more serious line blending and it is difficult to separate the HVFs from the PHO components.
The strength of the O I λ7773 absorption is plotted as a function of phase in the right panels of Figure 3 , which shows even larger scatter than the velocity. One can see that the O I absorptions are found to be strong in some SNe Ia such as SN 2002dj and SN 2011fe but they are marginally detected in other objects such as SN 2009ig and SN 2012fr. Note, however, that the absorption strength of the O-HVF does not show significant variations with time for the our sample, especially the Normal subsample. This is different from the trend seen in the HVFs of Si II λ6355 line and Ca II NIR triplet, which become weak at a faster pace perhaps due to having optically thin environment in outermost layers (see the references in Zhao et al. 2015) . Table 1 lists the line velocities and strengths of O I λ7773, Si II λ6355, Ca II NIR triplet, and C II λ6580 absorptions obtained at t ∼ −10 days for 62 SNe Ia. If, however, more than one spectra are available during the period from t = −11 days to t = −9 days, the median values are presented. The B-band light-curve decline rate ∆m 15 (B) (Phillips 1993 ) is also listed. The detailed results about the measurements of velocities and pEW of the O I λ7773 and C II λ6580 absorptions at different phases are tabulated in Tables 2 and 3 . Given the uncertainties due to line blending and/or intrinsically larger scatter in temporal evolution of O I absorption for HV SNe Ia, we concentrate on the spectroscopically normal SNe Ia with v Si 0 < 12,500 km s −1 in the following analysis.
Statistical Analysis
Expansion Velocity from O I 7773
Velocity distribution of the ejected matter at different layers of the exploding WD can provide strong constraints on its compositional structure. To get an overall picture of velocity distribution of C II λ6580, Si II λ6355, O I λ7773, Ca II NIR triplet, we construct the mean spectrum using spectra of a subsample of Normal SNe Ia whose spectra have a sufficiently high signal-to-noise (S/N) ratio (i.e, S/N 20) and cover phases close to t = − 10 days. The mean profiles of the above four absorption features are shown in Figure 4 , where the Ca II lines are characterized by prominent HVFs at ∼22,000 km s −1 and the O I line is characterized by the HVF-I at ∼18,000 km s −1 and the possible HVF-II at ∼22,000 km s −1 . The small notch on the blue side of Si II λ6355 absorption corresponds to the HVF of Si formed at a velocity of about 18,000 km s −1 . The C II λ6580 absorption does not show any significant signature of absorption feature at high velocity. As it can be seen, the photospheric components of different species have similar velocities (see blue dashed line in Figure 4 ). Note that Figure 4 is constructed for illustrative purpose only. Figure 5 shows the expansion velocities measured from absorption minima of Si II, Ca II, and C II lines versus that from the O I line. At the photospheric layer, the velocity of O I line shows a positive correlation with that of Si II, Ca II, and C II lines; and a linear fit indicates that the O I velocity is slightly lower than the Si II and C II velocities by about 750 km s −1 . At outer layers, the HVF-I of O (referred as O-HVF for short) shows a similar but slightly lower central velocity compared to the Si-HVF; and at very outer layers, the HVF-II of O has a velocity that is roughly comparable to the Ca-HVFs. This similarity in expansion velocity indicates that the fuel-indicative O and the burned Si (or Ca) are physically connected. The observation results for the small velocity differences between them and that the Ca-HVFs have higher velocities relative to the Si-HVF might be well explained by different ionization (or excitation) energies required to produce lines of O I λ7773 (i.e., E ex = 9.15 ev), Si II λ6355 (i.e., E ex = 8.12 ev), and Ca II NIR triplet (i.e., E ex = 1.7 ev). For a relatively low temperature expected for the outermost HVF-forming layer, Ca II NIR triplet are more easily formed and saturated compared to the Si II and O I lines.
Equivalent Width of O I 7773
The line strength of O I 7773 absorption carries important information on the diversity of SNe Ia. Figures 6 shows the pEW (PHO and HVF) of O I absorption versus the corresponding velocities, measured from the t ≈ −10 day spectra of our SN Ia sample. As can be readily seen in these figures, these two quantities do not show significant correlation for the full sample, as indicated by the lower Pearson coefficients. Excluding the HV SNe Ia from the statistical sample, a modest anti-correlation seems to emerge between the pEW and velocity of O I lines, though there are a few outliers. These results indicate that a smaller amount of oxygen is detected in SNe Ia with relatively larger expansion velocities. Such an inverse relation becomes stronger for the subsample with prominent detection of C II λ6580 absorption, i.e., pEW 1.0Å at t ≈ −10 days (see table  3 for the detailed results of the measurements). And the corresponding Pearson coefficients ρ are −0.64 and −0.67 for the correlations of the HVF and PHO components, respectively. The much tighter pEW-velocity relation for O I λ7773 absorption suggests that the SNe Ia showing prominent carbon in spectra may form a distinct population with relatively smaller diversity.
We notice that the velocity-pEW correlation seen in O I λ7773 absorption is contrary to that seen in Si II λ6355 line (Wang et al. 2009a; Blondin et al. 2012 ), which directly reflects the different roles that O and Si play in the burning in the HVF and photospheric layers. In the rightmost panel of Figure 6 , we further examined the relation between the absorption strengths of the HVF and PHO components of O I λ7773. We find that the pEW of the O-HVF absorption is highly correlated with that of the O-PHO absorption, which has a Pearson coefficient of 0.86. This strong correlation indicates that the O detected at very outer layers of the ejecta is intrinsic to the SNe, rather than from other sources such as CSM, which usually lies far outside the exploding WD and should not have such a strong connection with the photosphere unless the CSM properties is somehow tied with SN properties. Note that the O-HVF we discussed here refers to the HVF-I marked in Figure 1 , and we did not attempt to quantify the correlations of the HVF-II of O with the HVFs of Si (or Ca) because this feature is usually very weak and there are relatively larger uncertainties in measuring its absorption strength.
Correlations of O I λ7773, Si II λ6355, and Ca II NIR triplet
In our previous study, HVFs of both Si II λ6355 and Ca II NIR triplet in SNe Ia were systematically examined using their early-phase spectra. While the PHO velocity was found to be similar between Si II λ6355 and Ca II NIR triplet, the HVF velocity of the latter is higher than the former by about 4,000 km s −1 . Similarly, although Ca II NIR triplet has a PHO strength that is roughly comparable to the Si II λ6355, its HVF is found to be much stronger (by about 6 times). Note that these correlations are all positive, meaning that the velocity and strength of these two lines grow/decline in the same direction. These two spectral lines were also found to show similar behaviors as functions of photometric and host-galaxy properties like ∆m 15 (B), B max − V max color, host-galaxy type etc. (see details in Zhao et al. 2015) . These results indicate that the amount of Si and Ca in both PHO-and HVF-forming regions are strongly connected. Nevertheless, the ratio of Si to Ca is not sensitive to different burning processes expected in SNe Ia (indeed which is similar to the unburned solar composition), while the ratio of O to Si (or Ca) is expected to be quite different in different layers. The anti pEW O HV F -pEW Si HV F correlation indicates that, at very outer layers of the exploding WD, less amount of O will be detected when there are more abundant of Si and Ca, and this favors the need for the oxygen burning to produce those HVFs. Again the HV subgroup of SNe Ia are found to show larger scatter in this correlation, suggesting that their HVFs may have different origins (see discussions in §4).
Correlation of the Absorption with Peak Luminosity
Since the line velocity and strength of O I 7773 absorption feature shows a wide range for different SNe Ia, it is necessary to explore the reasons for this diversity. Peak luminosity is an important parameter reflecting the properties of SNe Ia. In Figure 9 , the observed features of O-PHO and O-HVF (including both line velocity and absorption strength) are plotted against the luminosity-indicator parameter ∆m 15 (B). As it is readily seen, the velocity of the O-HVF shows a modest dependence on ∆m 15 (B), with slower-declining (or more luminous) SNe Ia having larger ejecta velocities at outer layers. This velocity-luminosity relation can be explained if the characteristic velocity is moved toward higher velocities for explosions with more complete burning. Due to the loss of absorbing oxygen material, the strength of the absorption feature could then be weakened for SNe Ia with higher luminosities. This is supported by the prominent pEW -∆m 15 (B) relation as shown in the right panels of Figure 9 , where stronger O I absorptions are found in SNe Ia with lower luminosities. On average, the SNe Ia with ∆m 15 (B)
1.20 mag have pEWs that are about 2.0 times larger than those with ∆m 15 (B) < 1.20 mag. The above relations become stronger when the HV SNe Ia are discarded in the analysis.
As a comparison, the correlations of Si-HVF and Ca-HVF (line strength and velocity) with ∆m 15 (B) are also examined in Figure 10 . The velocities of Si-and Ca-HVF are also found to be lower for SNe Ia with larger decline rates, which is similar to the behavior shown by the O-HVF. Although the strength of Si-HVF does not show a strong anti-correlation with ∆m 15 (B), it is clear that stronger Si-HVF tends to be detected in more luminous SNe Ia (i.e., with ∆m 15 (B)<1.3 mag). This tendency is consistent with the earlier result obtained using the relative line strength of the Si-and Ca-HVFs (Childress et al. 2014; Silverman et al. 2015; Zhao et al. 2015) . The correlation between Si-HVF and ∆m 15 (B) is weaker than that observed between O-HVF and ∆m 15 (B), which can be due to that not all luminous SNe Ia have prominent Si-HVF and the line blending of the HVF and the photospheric component is more serious than that for the O I λ7773 absorption. The fact that the Si-HVF and O-HVF show an opposite correlation with ∆m 15 suggests that ionization effect should not play a key role in forming the HVFs in the outer layers of the ejecta since Si and O have similar ionization energy (see detailed discussions in §4.1).
Discussions
Origin of the High Velocity Features
The origin of HVFs in SNe Ia still remains unclear. It has been suggested that HVFs could be associated with abundance enhancement (AE), density enhancement (DE) or ionization enhancement (IE) in the outermost layers (Gerardy et al. 2004; Mazzali et al. 2005a,b; Blondin et al. 2012) . The material producing the HVFs could be either intrinsic to the SNe or from the CSM. The features we investigate in this work, i.e., O I λ7773, Si II λ6355 and Ca II NIR triplet are suited to probe density structure (through pEW), velocity distribution (see Figure 4) , and composition (through pEW) of the ejecta. With these information, we may decode the main functions involved in the origin of some HVFs.
Here we briefly summarize these scenarios so far proposed for the formation of HVFs. In the AE scenario, the abundances of Si and Ca are somehow enhanced in the outermost regions of the ejecta. A possible cause is a strong asymmetry in the explosion process (see Maeda et al. 2010 and Seitenzahl et al. 2013 for SD scenario, or Röpke et al. 2012 for DD scenario). Alternatively, the abundances could be enhanced by the He-burning near the WD surface, as suggested by doubledetonation model (e.g., Fink et al. 2007; Woosley & Kasen 2011) . In the DE scenario, the HVFs are suggested to generate in a dense shell of basically unburned material, formed either at the outermost layer of the ejecta or CSM (Gerardy et al. 2004; Mazzali et al. 2005b; Mulligan et al. 2015; Tanaka et al. 2006 Tanaka et al. , 2008 . In the IE scenario, a small amount of H in the outermost layer serve as a source of free electrons, which thus suppresses the ionization status of Ca and Si through recombination. It then leads to a larger amount of Ca II and Si II, potentially producing the HVFs (Mazzali et al. 2005a; Tanaka et al. 2008 ). This may happen either as a contamination of H in the WD surface before the explosion or due to an interaction between the ejecta and the H-rich CSM as is similar to the DE scenario.
In our previous study (Zhao et al. 2015) , the HVF of Si II λ6355 is compared with that of Ca II NIR which is much stronger (the difference in strength could be understood as coming from different ionization potentials and oscillator strengths of the two lines). Also we found anti-correlation with ∆m 15 (B), namely slower-declining (or brighter) SNe Ia tend to show more prominent HVFs. In this work, we further examine the behavior and correlations of the fuel-indicative O I λ7773 absorption feature. Here we summarize our findings in relation to the expectations from the DE, AE, and IE scenarios.
(1) Mutual correlations of the velocities of HVFs, and their time evolutions: (a) The velocities of Si-HVF are about 4,000 km s −1 lower than the velocities of the Ca-HVF, i.e., v Si HV F − v Ca HV F ≈4,000 km s −1 (see Figure 17 in Zhao et al. 2015 ). This may not support DE scenario of the origin of HVFs. If HVFs (of O, Si and Ca) are generated in a dense-shell (either the outermost layer of the ejecta or CSM), their (central) velocities should be roughly the same, regardless of the radiation condition, unless the shell is very thick in radial scale. But such a large-scale density enhancement is not expected in hydrodynamics. Also, the velocity of Si-HVF is much lower than the expectation from the CSM scenario. As Tanaka et al. (2006) pointed out, dense blobs covering the entire photosphere would result in Si II λ6355 absorption velocities in excess of 20,000 km s −1 which is however observed only in a few (HV) SNe (see also the discussion in Blondin et al. 2012) . (b) Similarly, the time evolution of the line velocity of O-HVF as seen in Figure 3 may not support the DE scenario as the origin of HVF either. If the HVFs originates from a dense shell created by the SN-CSM interaction, one would expect nearly a constant velocity of the HVFs as a function of time since the hydrodynamical interaction is expected to create a geometrically very thin shell in which the velocity variation is at most a few percent (Chevalier 1982) . While this variation in velocity is much larger than that seen in Figure 3 where the typical velocity variation is close to 20% within one week from the earliest detection.
(2) Additional HVF of O I λ7773: as one can see from Figures 1,2, and 4, the HVF of O I λ7773 is accompanied by additional HVF at even higher velocity (i.e., higher by ≈ 4, 000 km s −1 ).
Possible explanation for this doublet-HVF includes the followings: Explanation A-The O-HVF may be a combination of burned and unburned clumps, where the burned clumps also form the Si-and Ca-HVFs. While the detection of Si-and Ca-HVFs suggests that the burnt clumps are distributed in a large velocity space, at high velocity, the fraction of unburned clumps may be large and then the HVF-II of O I may be dominated by such unburned ones. Given the lower ionization energy for Ca II, the HVFs can be still formed for Ca II NIR triplet at higher velocities where a smaller amount of the burnt clumps exist, but not for Si II. Alternatively, we have Explanation B-The HVF-II of O I could be produced from carbon burning initiated by outflowing flames at higher velocities (Mazzali et al. 2005a; Maeda et al. 2008 ) in an asymmetric explosion or from He burning near the WD surface. The burning may also light up HVFs of Ca II NIR which has very low excitation energy at early times. However, these processes will not be the dominant factor affecting the correlation with ∆m 15 (B) because the amount of helium or carbon near the WD surface is small. Finally, there is Explanation C -The HVF-II of O I could be from a shocked CSM, while the HVF-I is from the outer layers of the ejecta.
(3) Slow time evolution in the line strength of O-HVF: for the Normal SNe Ia, the absorption strength of O-HVF weakens at a much slower rate (see Figure 3) than the Si-HVF in early phases (see Figure 5 in Zhao et al. 2015) . This result can not be explained by ionization effect because Si II λ6355 has an excitation energy even lower than the O I λ7773 (i.e., 8.12 ev vs 9.15 ev). Nor would this be easy to explain with the DE scenario. If the fast weakening of Si-and Ca-HVFs is caused by the fast declining of density in the HVF layers, then the O-HVF would also quickly weaken for the same reason. The most plausible explanation could be given by the scenario related to the AE. If the abundance of O increases towards lower velocities, then the decreasing density as a function of time could be compensated by the increasing abundance, resulting possibly in a slow evolution. In other word, if a main body of the HVF-I forming region is dominated by the burnt material and these clumps indeed become less significant for the lower velocities toward the photosphere, then the observed behavior is reproduced.
(4) Velocity-pEW correlation of O I absorption: as it can be seen from Figure 6 , the line strength of O absorption (both HVF and PHO) is decreasing with increasing velocity. This anticorrelation might be explained by the fact that more complete burning of oxygen could release more energy, deriving the remained oxygen shell to move at a higher velocity. The characteristic velocity is then moved toward the higher velocities for explosions with more complete burning. Due to the loss of absorbing oxygen material, the strength of the absorption feature could then be weakened for SNe having higher velocities. This inverse correlation is fully in line of the effect from burning difference. However, it is not clear why this relation is only strong in the SNe Ia showing a signature of C II λ6580 absorption. Possibly, it would indicate that SNe Ia showing the strong C II would form a distinct population. likely provide an evidence that the HVF and PHO component are created at different characteristic burning layers, which is required in the AE scenario. The HVFs of Si and Ca could be produced from He burning or asymmetric burnings in the outermost layers. However, this burning process is not expected to have a significant effect on SN Ia luminosity (or ∆m 15 (B)) due to the small amount of He fuel near the WD surface. Observationally, a SN may show significant deviation from the luminosity-∆m 15 (B) relation established for SNe Ia (Phillips 1993 ) if the helium burning plays an important role. On the other hand, this relation seems difficult to explain in the DE scenario, as the density of O is also enhanced in the density enhancement process. This finding does not directly support the IE scenario (as such an effect is not required in the IE), but nor reject the IE scenario.
(6) Correlation of O-HVF with ∆m 15 (B): from Figure 9 , one can see that the strength of O-HVF tends to become stronger for SNe Ia with larger ∆m 15 (B). This tendency is opposite to that seen in the Si-HVF (see Figure 10) , where stronger HVFs are only detected in SNe Ia with ∆m 15 (B)<1.3 mag. Indeed, the behavior of the O-HVF is understandable through the general ionization effects. For the SNe Ia with higher luminosity, their outer materials should be at higher ionization stages. This reduces the number of neutral ions, thus depressing the O I line -as is observed. On the other hand, the behavior seen in Si II is difficult to understand solely from this effect -they should also be weakened for higher SN luminosity, but the observations indicate the opposite trend. A larger Si/O pEW ratio is observed in our sample for more luminous SNe Ia, a result which solidly rejects the ionization effect as a possible dominant factor.
(7) Abnormal behavior of the HV SNe Ia: note, however, the above conclusion may only apply to the SNe Ia with relatively lower expansion velocities (i.e., v Si 0 < 12,500 km s −1 ) since the HV SNe Ia are found to show significant scatter in the mutual correlations and anti-correlations of line strengths between O and Si (or Ca). Large scatter is also seen in the pEW -∆m 15 (B) correlations (see Figure 9) . Thus, additional mechanism may be needed to explain the formation of the HVFs seen in HV SNe Ia if the measurements of their HVFs are generic. Given that the HVFs of Si in HV SNe have higher velocities than those in Normal SNe, a possible explanation is that the burning effect is weakened as the shells move outward. As an alternative, the HVFs of HV SNe Ia might also arise from the density enhancement of outer Si shell, perhaps due to the CSM interaction. Also, we note that indeed the HV SNe Ia could come from multiple populations, one belonging intrinsically to the same population as Normal SNe (Maeda et al. 2010 ) and the other exploding in the younger environment than Normal SNe (Wang et al. 2013) . In this case, it could be natural that the HV SNe show diversity in the HVFs as well. Nevertheless, there is one caveat that the scatter in the HV SNe Ia could merely come from the uncertainty in the fitting.
In conclusion, the different behaviors of HVFs of O and Si (or Ca), especially the anticorrelations between the HVF strengths, are most naturally explained by a scenario where the HVF regions experienced explosive oxygen burning. This result is consistent with, and indeed expected for, the AE scenario.
Constraints on Explosion Models
Besides clarifying the origin of the HVFs formed at the outermost layers of the exploding WD, our result also places a strong constraint on the still-debated explosion mechanism. The need for formation of the HVFs from nuclear burning leaves us three possible models: standard delayed detonation (Khokhlov 1991; Gamezo et al. 2005) , double detonation through He accretion (Fink et al. 2010; Woosley & Kasen 2011) , and violet merger of two WDs (Pakmor et al. 2011; Röpke et al. 2012; Pakmor et al. 2012 ).
It has been suggested that the double detonation model will produce mostly the Fe-peak elements at high velocity (Woosley & Kasen 2011) rather than intermediate mass elements (IMEs) , and the C and O will not be there in the He layer. Therefore, this model is not good to explain the HVFs seen at very outer layers of the ejecta. In the case of violet mergers, the detonation can convert the bulk of the secondary WD to the IMEs. The simulation indicates that these IMEs will indeed be left in the low-velocity zone of the ejecta, with typical velocities < 20,000 km s −1 , and no mechanism proposed so far can accelerate the IME-rich region toward the higher velocity in this scenario. In addition, for models of either double denotation or violet merger, the "surface" detonation and the resultant HVFs are controlled by the nature of the mass accretion and/or secondary star, while the main features of the SN Ia will be determined by the primary WD. Therefore, it is difficult to understand the luminosity-velocity relation shown in Figures 9 and 10 within the framework of these two models.
On the other hand, the delayed-detonation model has a natural explanation for the observed brighter-faster relation. The diversity of the outer-layer spectral features can be attributed to the difference in the transition density ρ tr from deflagration to detonation in the explosion (Höflich et al. 2002; Woosley et al. 2009 ). In case this transition is delayed, the expansion velocities of the ejecta will decrease and the burned materials like Si (or Ca) will be less abundant at higher velocities because a significant amount of oxygen remains unburned and does not contribute to the energy production. This supports the notion that the degree of burning is an important source of spectroscopic diversity among SNe Ia in addition to the progenitor scenarios.
In the currently available MULTI-DIMENSIONAL simulations for delayed detonation models, the velocity is still limited to ∼20,000 km s −1 , but this velocity may be further extended once the outermost region is well resolved, and thus the higher resolution simulations may show small clumps (currently not resolved) penetrating into the outermost layer. The observed velocity distribution of O and Si and the Si/O ratio in the outer layers of the ejecta may be used to constrain the density where the transition from deflagration to detonation occurs by comparing with the predictions from models (Höflich et al. 2002; Seitenzahl et al. 2013 ). However, high-resolution simulations are further needed to provide a guide to connect the detailed hydrodynamic nature of the explosion and the observed properties we have found in this paper.
Conclusion
With a large sample of early spectra (t≤ −7 days), we search for the HVFs in the absorption features O I λ7773, Si II λ6355 and Ca II NIR triplet. Double O-HVFs are detected in early-time spectra of SNe Ia, with velocities comparable to those of the Si-HVF and Ca-HVFs, respectively. Their mutual correlations and correlations with ∆m 15 (B) are scrutinized.
By comparing the HVFs of O I with those of Si II and Ca II, we attempt to differentiate between various scenarios on the formations of HVFs at outer layers of the exploding ejecta. From the anti-correlation between the pEWs of HVF of O I and those of Si II and Ca II, we conclude that the oxygen burning is an important contributor to the HVFs of Si and Ca at least for Normal SNe Ia (see discussion in §4.1). This evidence is against the scenario that Si/Ca HVFs are produced from primordial material (i.e., CSM), while it is in line with the abundance enhancement scenario. Considering that the HV SNe Ia tend to have distinct explosion environments (Wang et al. 2013; Zhao et al. 2015) and weaker correlations and anti-correlations between O I and Si II (or Ca II), it is possible that the formation of their HVFs is more complicated than the Normal counterparts -indeed the HV subclass may come from multiple populations either having a normal-velocity counterpart or not (Maeda et al. 2010; Wang et al. 2013) , so this could complicate the analysis of the HV SNe Ia. Given that the HVFs of Si in HV SNe Ia have higher velocities than those in Normal SNe Ia, a possible explanation is that the burning effect is weakened as the shells move outward. As an alternative, the HVFs of HV SNe Ia might also arise from the density enhancement of outer Si shell, perhaps due to the CSM interaction.
Besides distinguishing the origin of HVFs, the velocities and strengths we have measured for species of C, O, Si and Ca in this paper could be used to shape a picture of the ejecta, and further constrain the explosion models. The existence of HVF-I and even HVF-II of O I λ7773 at higher velocities indicates, the photosphere of SNe Ia is covered by oxygen materials (clumps or a separated shell) from the white dwarf and explosive carbon burning. Current observations suggest that the delayed-detonation is the favorable explosion model for at least spectroscopically normal SNe Ia with normal photospheric velocities. Numerical explosion simulations with sufficient resolution are encouraged to focus on the outermost layer to further discriminate the explosion models using the new observational indicators we have found in this paper.
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